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Tumor Treatment Response Identification Using Combination Post-Treatment Mapping to 
Quantify Voxel-Wise Multiparameter MRI Biomarker Changes:  A Simulation Study 

Simultaneous use of multiple MRI biomarkers from multiparameter MRI datasets could enhance MRI detection of early tumor treatment 
responses. Post-treatment mapping utilizes affine registration of the post-treatment MRI images with the pre-treatment MRI images to assess 
voxel-per-voxel tumor changes.  Multiple clinical studies have shown voxel-wise post-treatment mapping for increases in ADC values (ADC+) 
shortly after Avastin treatment can stratify for differences in overall survival in glioma patients.1,2  Given this success, expanding parameter 
mapping strategies to include “combinations” of MRI biomarkers may be possible.   
 
Multiple MRI measures show promise as potential tumor biomarkers and include Ktrans values from Dynamic Contrast-Enhanced MRI (DCE-
MRI), ADC values from Diffusion-Weighted MRI (DWI-MRI), and R* values from Intrinsic-Susceptibility MRI (IS-MRI). Sources of error in MRI 
measurements, however, continue to be a substantial obstacle to more widespread use of these techniques.  In particular, partial volume errors 
are a large source of error in MRI measures.  Partial volume errors from MRI tumor tissue measurements occur within voxels at the edges of the 
tumor and within necrotic regions, resulting from inclusion of only a small portion of tumor within the voxel volume.  The success of post-
treatment mapping strategies in clinical studies may in large part be attributable to reduced partial volume errors.  Therefore, we hypothesize 
that combining multiple MRI biomarkers into “combination” maps may improve accuracy of parameter measures by reducing partial volume 
errors, as well as improve the specificity of voxel-wise tissue characterization of tumor responses following treatment.  
 
Here, we use customized software to analyze a “combination” voxel-wise post-treatment mapping strategy using simulations of growing and 
shrinking tumors with pre- and post-treatment parameter values matching tumor responses seen in clinical studies (decreased Ktrans-, increased 
ADC+, and increased R*+) (Figure 1).  

Post-Treatment Parameter Mapping for ADC+, R*+, and 
Ktrans-  Results show individual parameter mapping for 
Ktrans- with increasing tumor size and ADC+, or R*+ with 
decreasing tumor size significantly decreased percent error 
from "true" values compared to hand-drawn ROI and total 
parameter map values.  Tumor sizes ranged from 6 cm to 0.4 
cm in diameter, and the smallest tumors had the highest 
proportion of partial voluming.  In each case, discarded voxels 
had a high percent partial volume error and percent error.  

Simulations using computer-generated tumors proved an 
effective tool for analysis of a novel concept in assessment of 
MRI measurement of tumor responses.  These simulations 
show that “combination” post-treatment mapping is a 
promising strategy to decrease partial volume errors and 
increase MRI detection of early tumor treatment responses.   
 
Future work is focused on improving the simulations to better 
model real data.  For example, MRI noise profiles will be 
included in a future MIPAV plug-in simulation tool.  In addition, 
a second MIPAV plug-in will be used to generate Combination 
Parameter Maps on real data from cancer patients undergoing 
treatment. 

Dynamic Contrast-Enhanced MRI (DCE-MRI), Intrinsic-
Susceptibility MRI (IS-MRI), and Diffusion-Weighted 
Imaging (DWI) are tools for preclinical and clinical 
oncologic imaging.  Varying levels of evidence exist to 
support the use of these techniques as MRI Biomarkers 
for tumor responses to treatment. 

Dynamic Contrast-Enhanced MRI  (DCE-MRI) 

Tumor vessels are larger, more leaky, and more 
tortuous than normal vessels, and DCE-MRI provides 
a tool to measure indices of this variant vascularity.  

 

 

 
 

DCE-MRI uses dynamic imaging (repeat scanning over 
multiple time points) and pharmacokinetic modeling. 
A region of interest (ROI) is used to measure a 
vascular input function (VIF) and tissue contrast 
concentration per time (Ct(t)).   

Pharmacokinetic parameters are determined using VIF 
and tissues curves as fitting input.  Parameters 
generated using a computer program that have been 
validated in animal studies3 uses the “General Kinetic 
Model” (GKM) and a direct convolution of the VIF to 
tissue curves according to: 

Figure 2.  Depiction of normal tissue (A) 

versus tumor vessel morphology (B).  

A.  B.  

Intrinsic Susceptibility MRI  (IS-MRI) 

R* determined from IS-MRI are indices of hypoxia. In 
prostate cancer, for example, R* measures have been 
shown to have high sensitivity, although low 
specificity, to intra-prostatic tumor hypoxia.7   
Currently, insufficient evidence exists to support the 
use of R* measures MRI biomarkers of tumor 
responses. 

DWI-MRI uses gradients of various weights, or “b-
values,” to measure indices of the Brownian motion of 
water molecules.  Tumors have “restricted diffusion” 
and maintain signal on higher b-value DWI-MRI 
images.  The Apparent Diffusion Coefficient (ADC) is a 
measure of the slope of signal values at various b-
values and are thus lower in tumors.   

 

 

 

 

 

 
 

Strong evidence supports the use of DWI-MRI as a 
biomarker for tumor responses.6 

Diffusion-Weighted MRI (DWI-MRI) 
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Figure 3.  

 

(A) Example arterial VIF and breast 
tumor Ct(t) curves from a 
published study, 2  

(B) pharmacokinetic parameters 
derived from DCE-MRI data. 

 

Computer-Generated MRI Tumor Models  Simulated tumors (n=25) were generated using MIPAV software. 
(http://mipav.cit.nih.gov) (MIPAV version 5.4.2, CIT, NIH, Bethesda, M.D.) 8 “True tumors” were generated using MIPAV 
image creation and image sculpting capabilities ranging from 6 cm in diameter to 0.4 cm .  Each voxel value in the 
tumor was initially set to “1” and voxels surrounding the tumor were set to “0.”  “True tumor” isotropic images had a 
resolution 0.117mm. “MRI tumors” were subsequently created using an algorithm to model partial volume effects. 
Partial volume effects were simulated using subsampling of “true tumor” images to generate a Gaussian weighted 
average of 26 neighboring pixels which was then displayed as simulated MRI acquisitions with a voxel resolution of 
2mm.  For Ktrans values, each voxel with partial voluming was additionally multiplied by a factor of 0.33 to model 
nonlinear partial volume effects seen for Ktrans values in a validation study.3   Each voxel in the “MRI tumor” volumes 
was then multiplied by a desired tumor “pre-” or “post-treatment” parameter value based on published literature.  
Pre-treatment and post-treatment values were as follows:  Ktrans = 0.10 pre, 0.066 post,9 ADC = 0.00109 pre, 0.00201 
post,10 and R* = 31.7 pre, 36.5 post.11   
Post-Treatment Parameter Maps  A plug-in created for MIPAV software was used to generate post-treatment 
parameter maps and output desired measures and statistics. Post-treatment parameter maps were created by 
subtracting the pre-treatment MRI tumor volume from the post-treatment MRI tumor volume for each combination of 
“MRI tumors” representing various changes in volume of pre- and post-treatment tumors ranging between an 
increase in size of 54% to a decrease in size of 54%.  Percent of partial voluming in each post-treatment map was 
determined.   
MRI Tumor Model Measures and Percent Error Analysis  Changes in parameter measurements for pre- and post-
treatment “MRI tumor” models was determined for both hand-drawn regions of interest (HD-ROI) and for voxel-wise 
values from post-treatment parameter maps.  For the hand-drawn ROI, the MIPAV ROI tool was used to manually draw 
an ROI around the tumor edges on a central slice of both the pre- and post-treatment “MRI tumors” and determine the 
average voxel value for each. For each tumor, the ROI for the post-treatment tumor was generated by manually 
drawing a second ROI (HD-ROI, type 1) or by copying the pre-treatment ROI onto the post-treatment “MRI tumor” 
(HD-ROI, type 2).  The change in parameter value was determined by subtracting the pre-treatment measure from the 
post-treatment measure.  Three sets of values were generated for each post-treatment parameter map.  In cases when 
the parameter values increased but the tumor size decreased, resultant parameter maps contained central positive 
voxel values and peripheral negative voxel values.  Similarly, in cases when the parameter value decreased and tumor 
size increased, resultant parameter maps contained central negative values and peripheral positive values.  In cases 
where the parameter value decreased as the tumor size decreased, or vice versa, the resultant maps contained only 
negative or positive values, respectively.  The average voxel value was determined for all tumor voxels (ADCt, R*t, and 
Ktranst), voxels with positive values (ADC+, R*+, and Ktrans+), and voxels with negative values (ADC-, R*-, and  
Ktrans-).  The percent error was determined as the percent difference between the measured values and the expected 
“true” measures.  
 
 
 

Ktrans, the forward exchange rate constant, is the 
parameter predominantly used in clinical trials.  
Numerous studies showing stratification for overall 
survival in cancer patients using Ktrans early after 
treatment provide strong support for the use of DCE-
MRI as an MRI biomarker.  DCE-MRI has been included 
in recently updated tumor response criteria, RECIST 
1.1.4  

Figure 4.  Depiction of Brownian motion of water in normal tissues (A) versus 

tumor (B).  ADC values equal the slope of the log (signal) versus b-values (C).5  
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Figure 5. MIPAV software generated tumor models and post-treatment parameter maps.  (A.) Example “true tumor” measuring approximately 6cm at greatest 
diameter and  the corresponding “MRI tumor” (B).  Example smaller tumors (C) showing the increased proportion of partial volume voxels in the “MRI 
tumor” (b) as compared to the “true tumor” (a).  Example post-treatment parameter maps for R* (D) in a small tumor with original diameter of 
approximately 8mm, pre-treatment “true tumor” voxel values of 31.7, post-treatment values of 36.5, and a decrease in size after treatment.  Maps were 
generated by subtracting the pre-treatment “MRI tumor” slice from the corresponding post-treatment “MRI tumor” slice. Images demonstrate the large 
proportion of partial volume effects in the small tumor.  All tumor voxels in the “true tumor” have the same values and white voxels contain “true” values, 
while voxels with shades of grey contain partial volume errors.  Post-treatment maps show the expected stratification into R*+ and R*- voxels. 
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Figure 1.  Schematic diagram demonstrates the concept of “combination” parameter mapping.  (A.) In theory, registered multiparameter MRI images of pre- and post-treatment tumor 
could provide high resolution data of voxel-wise and simultaneous changes in multiple different MRI biomarkers.  In this hypothetical case of a single voxel in a breast cancer, 
parameter changes for Ktrans, ADC, and R* after treatment all followed expected tumor response changes as demonstrated in published literature.  ADC and R* values have been 
shown to increase following treatment (ADC+, R*+), while Ktrans values have been shown to decrease (Ktrans-).   (B.)  When parameter values increase but tumor size decreases, 
post-treatment parameter maps will contain central areas of ADC+ or R*+, but peripheral areas of ADC- and R*-.  Conversely, when a parameter value decreases and tumor size 
decreases, all values in the post-treatment map are decreased.  Selection of combined ADC+ / R*+ / Ktrans- includes voxels within central regions of tumor and omits regions at 
the periphery which contain the highest proportion of partial volume errors. 

combination of parameter 
changes: increased ADC 
(ADC+), increased R* 
(R*+), and decreased 
Ktrans   (Ktrans-).For 
decreasing tumor size, 
maps of voxels with ADC+ 
were generated and used 
to create a “map” for 
selection of voxels in the 
R*+ map, and a second 
map containing only voxels 
with ADC+/R*+ voxels was 
generated.  This map was 
then used select voxels in 
the ADC, R* and Ktrans 
maps, the average voxel 
values were determined 
for each, and percent error 
was calculated.  
Result Graphs Percent 
error in parameter 
measures were then 
graphed against the 
percent of partial volume 
voxels for each generated 
“MRI tumor.” 

Combination Post-Treatment Parameter Mapping Selection 
of voxels with specific combinations of parameter changes 
(Ktrans-, ADC+, and R*+) resulted in further decreases in 
percent error. Results demonstrate that combination 
parameter mapping helps discard voxels with a high 
proportion of partial volume error, thus leading to improved 
percent error.  Assuming adequate registration and low MRI 
noise, results suggest combination parameter mapping would 
possibly be able to detect changes in very small tumors with 
diameters on the order of only a few millimeters. 

Figure 6.   

(A.)  HD-ROI: Percent error varied randomly with percent partial voluming, increasing up to 400%.    

(B.) Total Parameter Map Values:  Percent error increased logarithmically versus percent partial voluming with  
decreasing tumor size for Ktrans (%error:-8.0% to -38.7%) and increasing tumor size for ADC and R* (%error:-
4.6% to -60.5% and -4.4% to -38.3%).  

(C.) ADC+, R*+. Ktrans-:  Percent error improved for ADC+ and R*+ with decreasing tumor size (%error:-4.2% to -
19.6% and -3.6% to -17.2%). Percent error improved for Ktrans with increasing tumor size (%error:-3.9% to -
22.9%).   

(D.) Combined Ktrans- / ADC+ / R*+: Selection of voxels for Ktrans- / ADC+/ R*+ improved percent error for 
increasing tumor size (Ktrans:-3.9% to -22.9%, ADC:-3.2% to -10.9%, R*:-2.2% to -4.3%) and decreasing tumor 
size (Ktrans:-3.3% to -4.2%, ADC:-4.2% to -19.6%, R*: -3.6% to -17.2%).  
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Combination Post-Treatment Parameter Maps  Combination post-treatment 
parameter maps were created by selecting for a specific                                             
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